ABSTRACT. We have investigated the adsorption of cell-spreading activity in human serum onto polystyrene plates after treatment of the serum with sodium dodecyl sulfate (SDS). Vitronectin in human serum was remarkably adsorbed onto the plate after boiling the serum with 0.1% SDS for 5 min. SDS was effective over the concentration range from 0.05 to 0.25%. Increase of the vitronectin adsorption was accompanied by an increase of cell spreading on the plates. The cell-spreading activity in SDS-treated serum was impeded by antivitronectin antibody but not by anti-fibronectin antibody. After treatment with SDS, fibronectin-depleted serum could induce cell spreading but vitronectindepleted serum could not. These results indicate that vitronectin alone was the cell-spreading factor in SDS-treated human serum. However, SDS-treated pure vitronectin itself did not retain the cell-spreading activity. The activity was recovered when bovine serum albumin was added to pure vitronectin before or after boiling with 0.1% SDS. Therefore, vitronectin adsorbed from SDStreated serum might retain the cell-spreading activity with the aid of serum protein. Treatment of serum with SDS provides an easy, specific, and efficient method of coating polystyrene plates with vitronectin.
It is well known that a variety of animal cells can be grown in vitro with synthetic media supplemented with animal sera, but most cultured cells need to attach and spread on a substrate to proliferate in vitro (9, 10). Adhesive factors are provided by serum in the medium and/or secreted by cultured cells themselves (5, 12, 15, 24) .
The adhesive factors in serum are glycoproteins, mostly fibronectin (2, 19 ) and vitronectin (4, 16). The latter has been called "serum spreading factor" (3), "S-protein" (29) , and "epibolin" (33) . The two adhesive glycoproteins differ in molecular size, amino acid sequence, and cDNA sequence (3, 22, 35, 36) . Moreover, their antibodies do not cross-react with each other (4, 16). The peripheral cytoplasm of cells expands more widely with fibronectin than with vitronectin (39). Both glycoproteins have, however, the same cell-attachment sequence of Arg-Gly-Asp (22, 28, 35) , bind to heparin (13, 38) and to collagen (8, 20) , and exist in human serum at an To whom correspondence should be addressed at Department of Biology, Ochanomizu University, Bunkyo-ku, Tokyo 112, Japan Abbreviations used: SDS, sodium dodecyl sulfate; ELISA, enzyme-linked immunosorbent assay; PBS, phosphate-buffered saline; BSA, bovine serum albumin.
almost equal concentration, approximately 0.2 mg/ml (4, 16, 26, 31) . In fetal bovine serum, commonly used for cell culture, vitronectin rather than fibronectin appears to be the main adhesive glycoprotein, as is reported below. Human plasma vitronectin is known to adsorb avidly to polymers (6). The cell-attachment activity attributable to vitronectin is 8-16 fold greater than that of fibronectin in the cell-blotting assay of fetal bovine serum (17) . The fibronectin concentration in fetal bovine serum is only about 0.03 mg/ml (18) , probably about 1/7 of the vitronectin concentration (17) . The specific activity of vitronectin for cell spreading is approximately 10 fold greater than that of fibronectin (3, 39). Fibronectin in human serum adsorbs onto tissue culture plates and induces cell spreading at serum concentrations lower than 1% (11). It adsorbs very little at 10% serum (11), however, which is the concentration mostly used for cell culture. At concentrations of 3% serum and above, cell spreading is mediated by vitronectin (23) .
However, little is known about vitronectin adsorption onto polystyrene tissue culture plates. We have previously developed a modified sandwich ELISA, termed "ELISA -SDS" (1) , to quantitate vitronectin in human serum reliably. During treatment of human serum with sodium dodecyl sulfate (SDS) for the quantitation, we noticed that vitronectin became highly adhesive to the polystyrene plates. In this paper we describe that SDS activated the adsorption of vitronectin in human serum to polystyrene plates and that the adsorbed vitronectin could spread cultured cells. 
RESULTS
Increased adsorption of vitronectin. We previously developed a modified sandwich ELISA, ELISA-SDS (1), in which vitronectin was boiled with 2% SDS for 5 min, diluted 1 to 20 to lower the concentration of SDS to 0.1%, and added to polystyrene plates pre-coated with anti-vitronectin antibody. After the establishment of ELISA-SDS, we noticed that boiling with 0.1% SDS remarkably enhanced the adsorption of vitronectin to the plates. The amount of adsorption increased with increasing concentrations of SDS-treated serum (Fig. 1) . A limited range of SDS concentrations (0.05-0.25%) was effective (Fig. 2a) . Although boiling was not necessary for the activation, we always boiled human serum with 0.1% SDS in the following experiments to ensure the SDS treatment.
Cell-spreading on the adsorbed plates. The polystyrene plates incubated with human serum were examined for cell-spreading activity using BHK cells. Interestingly, BHK cells spread on the plates coated with SDS-treated serum. The effective range of SDS concentrations for cell spreading (Fig. 2b) was in good agreement with that for vitronectin adsorption (Fig. 2a) . Human serum treated with more than 0.5% SDS induced neither vitronectin adsorption nor cell spreading. When 4% serum treated with 0.5% SDS was serially diluted, both cell spreading and vitronectin adsorption occurred at 0.016-0.008% SDS (data not shown). Therefore, the lack of cell-spreading activity in more than 0.5% SDS was mainly due to the lack of vitronectin adsorption, not to the denaturation of its binding activity to cells. The percent of cell spreading increased with increasing concentrations of SDS-treated serum and became saturated at around 3% serum (Fig. 3) . These results suggest that the cell-spreading activity adsorbed onto the plates from SDS-treated serum can be attributed to vitronectin.
Without treatment with SDS, serum also increased cell spreading on the polystyrene plates. The maximal activity of cell spreading was observed at lower concentrations of native serum, ranging from 0.1 to 0.5% (Fig. 3) , which was in good agreement with the profile of fibronectin adsorption reported by Grinnell and Feld (11) . Therefore, this activity can probably be attributed to at least fibronectin in the serum.
The morphology of BHK cells spread on the coated plates is illustrated in Fig. 4 . Cell spreading was promoted by native 0.5% serum (Fig. 4a) but not by native 4% serum (Fig. 4b) , and, inversely, promoted by SDS-treated 4% serum (Fig. 4d) but not by SDS-treated 0.5% serum (Fig. 4c) . Cell attachment was sparse only in a well coated with native 4% serum (Fig. 4b) . Fibronectin (Fig. 4e) promoted wider lateral expansion of the peripheral cytoplasm of spread cells than vitronectin did (Fig. 4f) , as was discovered very recently (39). Native 0.5% serum (Fig. 4a) wider lateral expansion of the peripheral cytoplasm of spread cells than SDS-treated 4% serum did (Fig. 4d) . The latter shapes resembled those with pure vitronectin (Fig. 4f) , and native 0.5% serum (Fig. 4a) induced shapes intermediate between those with pure fibronectin (Fig. 4e) and those with pure vitronectin (Fig. 4f) . The morphology of spread cells suggested that vitronectin dominated the cell spreading in SDS-treated 4% serum but that the cell-spreading activity induced by native 0.5% serum was not due to only vitronectin. Fibronectin and vitronectin in the adsorbed cell-spreading activity. Cellspreading activity was examined more specifically with respect to fibronectin and vitronectin. Both anti-fibronectin antibody and anti-vitronectin antibody interfered with cell spreading induced by native 0.5% serum (Fig. 5a ). Cell spreading induced by SDS-treated 4% serum was also reduced by anti-vitronectin antibody, but not by anti-fibronectin antibody (Fig. 5b) .
The action of fibronectin and vitronectin in native and SDS-treated sera was also examined using whole serum, fibronectin-depleted serum, and vitronectin-depleted serum. When treated with SDS, all types of 0.5% sera and vitronectin-depleted 4% serum failed to promote cell spreading, while fibronectin-depleted 4% serum pro- moted cell spreading to a similar degree to whole 4% serum (Table 1) . These results indicate that the cell-spreading activity in SDS-treated sera can be attributed to only vitronectin. This result was consistent with the result that cell spreading induced by SDS-treated 4% serum was impeded by anti-vitronectin antibody but not by antifibronectin antibody (Fig. 5b) . Without SDS treatment, on the other hand, none of the 4% sera substantially promoted cell spreading (Table 1) , which suggests that neither fibronectin nor vitronectin could sufficiently adsorb to the plates, probably due to the abundant presence of serum albumin. Lower concentrations of sera did promote cell spreading. The percent of cell spreading induced by fibronectin-depleted 0.5% serum and vitronectin-depleted 0.5% serum was approximately 1/ 3 and 1 /5 of that induced by whole 0.5% serum (Table 1 ). This result suggests that the effects of fibronectin and vitronectin in native serum are additive, consistent with the results on antibody interference (Fig. 5a ).
Adsorption and cell-spreading activity of SDS-treated pure vitronectin. Pure vitronectin after boiling with 0.1% SDS was adsorbed onto polystyrene plates as well as native pure vitronectin was (Fig. 6) . However, adsorption of pure vitronectin onto the polystyrene plates was impeded by the presence of bovine serum albumin. The interference was much greater for native pure vitronectin than for SDS-treated pure vitronectin (Fig. 6) .
We examined whether SDS-treated pure vitronectin adsorbed onto plates retained cell-spreading activity. Unexpectedly, the cell-spreading activity of SDS-treated pure vitronectin decreased terribly (Table 2) . We supposed that serum protein influenced the cell-spreading activity of vitronectin. Bovine serum albumin was therefore added to pure vitronectin before or after boiling with SDS. Almost all cell-spreading activity was recovered, although the relative amounts of adsorbed vitronectin decreased by 29-32% (Table 2) . SDS-treated pure vitronectin once adsorbed alone, however, could not be activated by the following addition of bovine serum albumin. These results suggest that bovine serum albumin was a co-factor for the cell-spreading activity of vitronectin and a weak inhibitor for its adsorption onto the plates. 
DISCUSSION
We have found that 0.1% SDS remarkably activated the adsorption of vitronectin in human serum to polystyrene plates intended for tissue culture and ELISA. Our novel method provides an efficient way to coat vitronectin onto the plates without purifying it.
The adsorbed vitronectin in human serum was active for cell spreading and the trace amount of SDS possibly adsorbed was not toxic. However, SDS-treated pure vitronectin did not retain the cell-spreading activity, but recovered the activity when bovine serum albumin was added to pure vitronectin before or after boiling with 0.1% SDS (Table 2 ). These results suggest that the resistance of the cell-spreading activity of vitronectin to boiling with 0.1% SDS was not only due to an intrinsic property of vitronectin, but also depended on a serum protein.
Cell-spreading activity of fibronectin can be duplicated by fibronectin synthetic peptides containing Arg-Gly-Asp (RGD) (28) . Intact fibronectin induces wider lateral expansion of peripheral cytoplasm of spread cells than vitronectin (39). Some researchers, but not all, have reported that RGD peptides-coated substrate induces poorer cell spreading in several respects, including the area of spread cells, number and size of focal contacts, and development of actin cables (21, 32, 34, 37) . They suggest that a second site, the heparin-binding domain of fibronectin, is required for full spreading of cells. Although the heparin-binding site of vitronectin is exposed, the area of cells spread by vitronectin is similar to that by the RGD peptides rather than by fibronectin (39). Thus, heparin-binding activity alone does not support full spreading of cells. The third site found recently in fibronectin may be required (27) .
There is an unsolved problem. Although vitronectin was adsorbed more in native 4% serum than 0.5% serum (Fig. 1) , the 4% serum did not promote cell spreading, whereas the 0.5% serum did (Fig. 3) . There are two possibilities. First, the cellspreading activity, as well as cell-attachment activity, might be inhibited by the abundant presence of serum proteins in the 4% serum but not in the 0.5% serum. Second, in native 0.5% serum, both fibronectin and vitronectin have cell-spreading activity ( Fig. 5a and Table 1 ). Fibronectin may synergistically promote the cellspreading activity of vitronectin in the native serum. Grinnell and Feld (11) have reported that the amount of fibronectin adsorption onto plates was maximal at Our previous report (1) indicated that our anti-vitronectin antibody reacts with vitronectin dependent on its conformation. Therefore, the amounts of adsorbed vitronectin assayed in this report should be interpreted as relative values. To clarify more quantitatively, we plan to use purified and radiolabelled preparations of vitronectin and fibronectin in future studies. In the purified preparations, conformational change of vitronectin will be also measured after coupling it to fluorescent dyes, as we recently did with fibronectin (25) .
Barnes et al. (5) have reported that vitronectin supports cell growth in a variety of cell lines in serum-free medium. Applied to serum-free cell culture, treatment of serum with SDS will provide an instant and specific coating of tissue culture polystyrene plates with vitronectin. Although bovine and porcine sera instead of human serum have not been examined yet, they appear to contain similar concentrations of vitronectin (17, 40) . Therefore, coating the plates with bovine or porcine serum in the presence of 0.1% SDS is economically suitable for serum-free cell culture. We also have not used either 10% serum nor fetal bovine serum yet. The same conditions as for routine cell culture should be studied in the near future with respect to the adsorption of fibronectin and vitronectin as well as the morphology of spread cells.
